Effect of static mixer geometry on flow mixing and pressure drop in marine SCR applications  by Park, Taewha et al.
 
























































d to an impr









. SCR is one 
 preferred in m
t% urea, is inj
nd hydrolysis
 low urea con
ss for two-ph
ust be obtain
ing is a comm





l work is prope


























on device unit 



























 hot gas stream
e urea-SCR r
maximize the
 as UWS wit
operation in a 
           
pusan.ac.kr










 mixer. Two d
iformity inde
y the mixer g














































 gas stream, a
of processes, a











s, line- and sw
re drop was i









ns by 80% be
this aggressiv
oxicity. Urea w
nd then, NH3 
to ensure high
imize the NH
nd a highly u
nd it is used in














he mixer in c
d the pressu











3 slip, a contro
niform flow i
 many differe

























n front of the
nt applications























































ed degree of h
lly installed to
 NH3 and isoc
xing must be m




r et al. (2003)
on of static m
ey also inves
xhaust gas tem
 wing mixer fo
ixing index o
mzek, 2007).
g a sufficient m
erformance a
haracteristics 








etry of the SC




 UWS at the S
omogeneity o




ed in the desi
ition (Thakur 
 al., 2007; Ng








s well as a low
and pressure d
nd swirl-type 
 a mixer’s ge
ally using a c








 in 3-D to inve
CR catalyst en
Fig. 





et al., 2003; Z
uyen et al., 20
extensive revi
t al. (2009) d
ect of in-pipe 
ang et al. (20
 of creating bo
ndex in the sh
by reducing th
 pressure dro










e features: a s






nnur and Liu, 
ixers for mob
n of spray no
heng et al., 2
10; Larmi and










re on the flow
ite volume, t










et al., 2006). I






ixers in the p
ral types of m
s on urea dep
d a simple flo
d turbulent flo
mmediately b
ce, it is necess
here is insuffi
lds. 






f the spray inj
 in Fig. 2, hav
or production;
r volume in th
ulence charac
r the SCR sy
. Nav. Archit. 
n particular, a




 al., 2010; Zh














ex and the pre
ector, mixer, S
e 36 vanes ea
 a variable van






 in the system
mputational f
ristics, NOx r




ect to mixer c
twisted blade
t flow has a do
 mixer (Zhan
 a proper stati
on the relatio
ee cases of va











e, e.g., a static









s based on an
minant effect
g et al., 2006;













































































rmined to be s
diameter. The
t gases were 
 exhaust gas w
ng. (2014) 6:2
onfiguration 

















 the exhaust g
ufficient to pr
 initial and bou
set based on f
























as is fully dev
oduce results i
ndary conditi
ull load and 9
, and the inlet
rs: (a) line-ty
tational grid is
., USA). The 
emperature, an










eloped and it 
ndependent of
ons used in th
00rpm on a 9
 velocity was 2
pe mixer, and





























 / No-slip 
edia: 1/α = 1.
id water), 30
meter: 35µm,
lid cone type 
 N2 and 23%
 time step. The




er toward the 
of mixer and 
and 3 D from
et boundary 






 O2 by mass. 
 injector cons







 = 10.59 
eter: 3.5 
A time step of








30 Int. J. Nav. Archit. Ocean Eng. (2014) 6:27~38 
Numerical procedure 
The flow region in the SCR system is divided into three regions: the 1st region is the turbulent flow region in the upstream 
and downstream of the SCR reactor; the 2nd region is the laminar flow region in the SCR reactor; and the 3rd region is the region 
that contains the dispersed two-phase flow in the surrounding spray injector. The Lagrangian discrete phase model is used 
which contains sub-models for droplet dispersion, drag, and evaporation. An injection type of solid cone for primary breakup 
model is used to inject water liquid. To minimize computational time and stable convergence strategy, secondary breakup 
model for droplet breakup and collision are not considered in this study. The injected drop-size was found to follow a Rossin-
Rammler distribution with a mean diameter of 35 microns and spread parameter of 3.5. For an incompressible, unsteady two-
phase turbulent flow, the 3-D Reynolds-averaged Navier-Stokes (RANS) governing equations for mass, momentum, species 
concentration, and energy were solved. The standard κ-ε turbulent model was used to calculate the turbulent quantities. The 
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G denotes the production rate of κ and is given below: 
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In the above equations, the coefficients are as follows: 
1C = 1.44, 2C = 1.92, C  = 0.09, 
 = 1.0, and  = 1.3. 
The catalyst is the core of SCR reactor. In this study, a honeycomb type SCR catalyst filter was adopted. If the catalyst filter 
is constructed physically from a numerical simulation without any simplifications, the grid of the model will reach a level that is 
beyond the calculation capabilities of most computing systems. Therefore, an approach of a porous media model was adopted 
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Fig. 4 Contours of (a) velocity and (b) water concentration for different cases with a calculation time 1.5s. 
Effect of mixer geometry on turbulent flow characteristics 
Turbulent flow occurs when instabilities in a flow are not sufficiently damped by viscous action and the fluid velocity at 
each point in the flow exhibits random fluctuations (Turns, 2000). Turbulence can be depicted as fluctuations in a fluid flow. 
When working with chemicals as in an SCR reactor, typically a high level of flow fluctuations is preferable for the mixing of 
UWS with exhaust gases. It is common to define the relative turbulent intensity for the velocity as follows: 
uTI
U
   (9) 
where u  is the root-mean-square (RMS) of the turbulent velocity fluctuations (U U ) at a particular location over a specified 
period of time, and U  is the average of the velocity for the instantaneous value (U) at the same location over the time period. 
For the same theory, the standard deviation of the temporal variation of Reynolds averaged velocity ( ) and its relative 
intensity ( /RI U ) are adopted. In this RANS simulation, U U  is the temporal variation of Reynolds averaged velocity, 
not the turbulent velocity fluctuations because U represents the Reynolds averaged velocity.  
Fig. 5 shows   for 0.3s for different measuring positions and mixer geometries. For case 1 (no mixer), there were few 
changes in velocity at positions 1, 2, and 3. However,   significantly increased near the SCR filter because a large recircula-
tion zone formed in the diffuser region. When the flow enters the porous zone, it aligns with the channel direction and the 
higher pressure is located around the catalyst entrance and the center line (Chen et al., 2004). The results of all cases at positions 
4 and 5 exhibit a similar tendency. At position 5,   for all cases is relatively lower than that at positions 2, 3, and 4. Case 4 
has the highest   after the mixer owing to a large CRZ. This behavior can be explained as a result of the vorticity magnitude 
generated by the induced flow direction of the mixers. Vorticity is a measure of the rotation of a fluid element as it moves in a 
field, and is defined as the curl of the velocity vector: 
  V   (10) 
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Mixer development generally focuses on the high efficiency of NOx reduction because of its direct impact on the design 
target; however, it is difficult to determine the total performance of mixing devices based on only the cUI . A more thorough 
understanding of the flow pattern characteristics and pressure drop is helpful in designing an SCR system with optimal 
performance for both NOx reduction and system durability. Fig. 10 depicts the relationship between the cUI  and pressure drop 
for different cases. As expected, the case 1 has the lowest pressure loss and cUI , which are 647 Pa and 90%, respectively. The 
presence of any type of mixer resulted in an improved flow mixing, but a penalty of additional pressure loss. Case 4 had the best 
mixing performance although the pressure drop was the worst. There is a tradeoff relationship between the cUI  and the pre-
ssure drop with increasing vane angle for swirl-type mixers. Case 5 has a higher cUI  and a pressure drop than case 1. However, 
the cUI is lower and pressure drop is higher than those for the swirl-type mixers (cases 2-4) at the position 5, as shown in Fig. 9. 
Furthermore, in a comparison of case 3 and 5, which contain the same angle of 45, case 3 shows higher cUI  and a lower 
pressure drop than case 5, as shown in Fig. 10. Therefore, it is concluded that the swirl-type mixer is more effective than the 
line-type mixer with respect to the enhancement of cUI  and RI. When selecting a static mixer in SCR applications, it is 
necessary to consider the mixing and the uniform distribution of the UWS in front of the SCR reactor as well as the pressure 
drop, which is not desirable for the optimization of engine power throughout the system. Finally, it can be concluded that the 
swirl-type mixer with a vane angle of 45 is more suitable model in this study based on the results of mean RI, cUI  and pressure 
drop. Further research focused on the effect of the vane size becoming larger or smaller may be needed under line- and swirl-
type mixers. The effectiveness of swirl-type mixers is carefully guessed to be initiated from the larger-scale swirl than those of 
line-type mixers. It is because the line-type mixer is able to generate the vane-scale swirls whereas the duct-scale swirl is 




Fig. 10 Relationship between uniformity index and pressure drop for  
different cases with a calculation time of 1.5s. 
CONCLUSIONS 
3-D numerical simulations were performed to investigate the effects of mixer geometry on the mixing performance and the 
pressure drop. Flow mixing and uniformity can be greatly improved by using a static mixer in the SCR system. Turbulent and 
swirling flows can also achieve a great improvement for flow mixing with respect to flow recirculation phenomena through a 
longer distance. In this study, information regarding the selection of proper static mixers was provided based on the correlation 
between the uniformity index and the pressure drop. The results show that the mixer for SCR applications can be effectively 
optimized by using a well-designed mixing device. The main results are summarized as follows: 
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1) In comparison to the case without a mixer, the cases with a mixer improve the uniformity index by approximately 20% 
directly behind the mixer, approximately 30% in the diffuser, and approximately 5% immediately in front of the mixer. 
2) In the swirl-type mixer, the CRZ is generated directly behind the mixer, and increases with the vane angles of the mixer. 
Therefore, it is expected that the mixing region is longer with stream-wise axis because the swirl-type mixer creates turbulent 
and swirling flows. 
3) The swirl-type mixer is more effective than the line-type mixer with respect to the enhancement of mixing performance, even 
though there is a tradeoff relationship between the uniformity index and the pressure drop. Therefore, the swirl-type mixer 
with a vane angle of 45º is the most suitable model in this study based on the results of both parameters. 
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